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ABSTRACT
The influence of the Amazon–Orinoco River plume in the Caribbean Sea on latent and sensible heat flux
(enthalpy flux) and tropical cyclone (TC) intensity is investigated for Hurricanes Ivan (2004), Emily (2005),
Dean (2007), and Felix (2007) using dropwindsonde data, satellite sea surface temperature (SST), and the
SMARTS climatology. Relationships among enthalpy fluxes, ocean heat content relative to the 268C isotherm
depth (OHC), and SST during storm passage are diagnosed. Results indicate that sea surface cooling in the
river plume, a low-OHC region, is comparable to that in the warm eddy region, which has high OHC. An
isothermal layer heat budget shows that upper-ocean cooling in the river plume can be explained predominantly by sea-to-air heat flux, rather than by entrainment flux from the thermocline. The latter two
findings suggest that relatively large upper-ocean stratification in the plume regime limited entrainment
cooling, sustaining SST and enthalpy flux. Inspection of atmospheric variables indicates that deep moderate
wind shear is prevalent, and equivalent potential temperature is enhanced over the river plume region for
most of these storms. Thus, sustained surface fluxes in this region may have provided warm, moist boundary
layer conditions, which may have helped these storms to rapidly intensify even over relatively low-OHC
waters and moderate shear. These findings are important because several Caribbean Sea TCs, including these
cases, have been underforecast with respect to intensity and/or rapid intensifications, yet minimal upperocean observations exist to understand air–sea interaction during TCs in the salinity-stratified Amazon–
Orinoco plume regime.

1. Introduction
The Caribbean Sea is a frequent pathway for tropical
cyclones (TCs); these storms encounter several different ocean regimes such as the Amazon–Orinoco River
plume, the Caribbean Current, the Yucatan Current,
and large warm-core eddies (WCEs) that reside in the
basin. During the late summer months of the Atlantic
hurricane season, sea surface temperature (SST) remains fairly homogeneous throughout the basin (Fig. 1).
Yet, ocean heat content relative to the 268C isotherm
[OHC; Leipper and Volgenau 1972; Eq. (1)] ranges from
20 kJ cm22 in the plume waters to over 150 kJ cm22 in
WCEs (Fig. 1). OHC is the depth-integrated thermal
energy from the depth of the 268C (D26) isotherm to
the sea surface (h), where T(z) is ocean temperature
at a specified depth z, r is ocean density, and cp is the
specific heat capacity of the ocean, 4000 J kg21 8C21.
OHC is a proxy for TC heat potential since it is estimated
Corresponding author: Johna E. Rudzin, jrudzin@rsmas.miami.edu

using the 268C isotherm, the threshold conventionally accepted for TC development and maintenance
(Palmén 1948):
OHC 5 rcp

ðh

[SST 2 T(z)] dz.

(1)

D26

Many studies have shown in other basins how deepocean mixed layers and high OHC act to reduce SST
cooling during TC forcing, since entrainment cooling is
less with deep-ocean mixed layers, and sustain air–sea
fluxes into the storm (Shay et al. 2000; Lin et al. 2005,
2009, 2013; Shay and Uhlhorn 2008; Jaimes and Shay
2009, 2010; Jaimes et al. 2015). In addition to ocean
thermal structure, a few studies have indicated that the
upper-ocean salinity stratification within the Amazon–
Orinoco River plume plays a role in modulating SST
during TC passage by reducing the efficiency of upperocean mixing (Wang et al. 2011; Neetu et al. 2012;
Balaguru et al. 2012; Grodsky et al. 2012; Vissa et al. 2013;
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FIG. 1. Tracks of (panels 1a and 1b) Ivan (2004), (panels 2a and 2b) Emily (2005), (panels 3a and 3b) Dean (2007), and (panels 4a and
4b) Felix (2007) over (a) prestorm SMARTS OHC and (b) prestorm GHRSST SST within the Caribbean Sea. Day of year for storm
track overlain in (left). Ocean regimes are also indicated.

Reul et al. 2014; Androulidakis et al. 2016; Hernandez
et al. 2016; Rudzin et al. 2017; Yan et al. 2017; Rudzin
et al. 2018). Increased stability in the isothermal layer
(constant ocean temperature layer that is within 0.58C
of SST) via salinity stratification is shown using the
Brunt–Väisälä frequency in Fig. 2. Rudzin et al. (2017)
reported upper-ocean Brunt–Väisälä frequencies within
the eastern Caribbean Sea during the Amazon–Orinoco
River plume’s peak outflow of up to 15 cycles per hour.
The freshwater runoff creates a stable ocean surface
layer that keeps the ocean mixed layer (constant density
layer) fairly shallow (;10–20 m; Lentz and Limeburner,
1995; Hu et al. 2004; Rudzin et al. 2017). However,
large amounts of incoming solar radiation during the

summer act to deepen the isothermal layer, creating a
barrier layer between the ocean surface and the thermocline (Sprintall and Tomczak 1992; Pailler et al. 1999;
Mignot et al. 2007, 2012). Barrier layers are characterized by a vertical salinity gradient within the isothermal
layer and suppress turbulent heat flux from the ocean’s
thermocline to the sea surface, creating a ‘‘barrier’’ of
heat exchange between these layers. However, the isothermal layers that exist within the Amazon–Orinoco
River plume are relatively shallow, and OHC is low,
compared to Caribbean Sea warm eddies and the
Caribbean Sea warm pool (Fig. 1), signifying this area
should experience a relative significant SST cooling
during TC passage and reduce air–sea fluxes to the TC.
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FIG. 2. Monthly climatological Brunt–Väisälä frequency (cph) calculated for the upper 50 m
using World Ocean Atlas 2001 temperature and salinity profiles. (a) July field with Emily (2005)
track, (b) August field with Dean (2007) track, and (c) September field with Ivan (2004) and
Felix (2007) tracks.

In this study, we investigate air–sea fluxes and ocean
response in four of the most intense TC cases in the
Caribbean Sea: Hurricane Ivan (2004), Hurricane Emily
(2005), Hurricane Dean (2007), and Hurricane Felix
(2007). This is the first study, to our knowledge, to investigate the role of the Amazon–Orinoco River plume
on air–sea interaction during TC rapid intensification
(RI) events. All four TCs pass over both the Amazon–
Orinoco River plume and a large WCE, and three of the

four undergo RI while over the plume. Additionally, all
four storms’ intensities were underforecast while over the
plume (Stewart 2004; Franklin and Brown 2006; Franklin
2008; Beven 2008). The Amazon–Orinoco River plume
region is defined as the area between 588 and 668W with
increased Brunt–Väisälä frequency in Fig. 2.
Using these specific storms allows us to compare air–
sea interaction between low-OHC waters of the plume
and high-OHC waters of a warm eddy and to identify the
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significance of the plume on SST response and air–sea
fluxes. A key question to address is whether the SST response over the Amazon–Orinoco River plume can sustain comparable sea-to-air enthalpy fluxes as over the
WCEs, since previous studies suggest that TC intensification over the plume is related to reduced SST cooling.
Prestorm OHC and pre- and poststorm SST tendencies
are analyzed with respect to air–sea fluxes to examine the
relationship among air–sea exchange, SST, and subsurface
ocean thermal structure. An upper-ocean heat budget is
estimated to assess which processes are responsible for
SST fluctuations and the influence of salinity on SST response. Finally, broadscale atmospheric parameters over
the Amazon–Orinoco River plume region for each storm
are examined to evaluate if the ocean’s influence is apparent in each storm’s intensification over this region.

2. Data
a. GPS dropwindsondes and sea surface temperature
Global positioning system dropwindsondes (hereafter
dropsondes) from the National Center for Atmospheric
Research (NCAR) provide vertical atmospheric profiles
of air temperature, wind speed, wind direction, and
relative humidity (Hock and Franklin 1999). Real-time
data are postprocessed using NCAR’s Atmospheric
Software Processing Environment (ASPEN) software,
which quality controls each dropsonde sounding.
Daily satellite-based blended level 4 SST analyses
from the Jet Propulsion Laboratory PODAAC Group
for High Resolution Sea Surface Temperature (GHRSST)
Level 4 MUR (JPL MUR MEaSUREs Project 2010)
are used within the air–sea flux estimations. Satellite
SST is used due to the lack of in situ SST observations
within the Caribbean Sea during the case studies. This
specific product was chosen because it incorporates
microwave sensors, which are needed to resolve
SST variability in cloudy situations, and because
of its high spatial resolution. In-storm SST (SSTin) and
1-day-prestorm SST (SSTpre) are used in this study.
SST differences between airborne expendable bathythermographs (AXBTs) and collocated SSTin from
GHRSST daily satellite product are estimated for over
400 AXBT Gulf of Mexico deployments (appendix A)
to identify differences between in situ observations and
this satellite product. Approximately 70% of SST differences are found within 0.58C (Fig. 3). Zhang et al.
(2017) found a bias of 0.628C when they compared 30
AXBT and infrared SST measurements on dropwindsondes in Hurricane Edouard (2014). Given that the bias
is larger in Zhang et al. (2017) and that their sample size
is much smaller than in this analysis, we feel that the use
of this SST product is suitable for the goal of this work,
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FIG. 3. Histogram of SST difference between the AXBT (data
from Upper Ocean Dynamics Laboratory at RSMAS/UM) and the
GHRSST SST daily satellite product for 415 AXBT deployments
within Hurricanes Frances (2004), Jeanne (2004), Rita (2005),
Dennis (2005), Gustav (2008), Ike (2008), and Danny (2009).
GHRSST SST was collocated in space and time (same day as
AXBT deployment) to estimate difference shown here.

given the lack of in situ SST measurements. Furthermore,
the use of SSTin for air–sea flux estimates is also evaluated
by comparing air–sea fluxes estimated with SSTpre, 1-daypoststorm SST, and 2-day-poststorm SST to make sure using SSTin for air–sea flux estimates is within the envelope of
observed SST variability. Air–sea fluxes using SSTin should
fall between those using SSTpre and the two poststorm
estimates; Figs. A1–A4 indicate that this is the case.

b. SMARTS
Daily isotherm depths, isothermal layer depths (ILDs),
and OHC are provided by the Systematically Merged
Atlantic Temperature and Salinity Climatology (SMARTS;
Meyers et al. 2014). Remote sensing systems SST
(Gentemann et al. 2009) is normally used in the SMARTS
research product to calculate output fields listed previously.
However, since the GHRSST SST product is used to calculate air–sea fluxes, this study uses SMARTS data that
have implemented GHRSST SST to calculate output fields.

3. Calculation of air–sea fluxes
Dropsonde data are acquired from U.S. Air Force
Reconnaissance flights, NOAA WP-3 flights, and
NOAA G-IV flights (Table 1). Next, the 10-m variables
of wind speed, zonal and meridional wind components,
specific humidity, and air temperature are extracted from
each profile. Dropsonde locations are then transformed
from Cartesian coordinates into a storm-coordinate
system. This technique follows Jaimes et al. (2015).
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TABLE 1. Number of research/reconnaissance flights and dropsondes per cluster per storm. Flight-naming convection has month and day of
flight (MMDD), aircraft type (A 5 U.S. Air Force Reserve, N 5 NOAA G-IV, H and I 5 NOAA WP-3D), and flight number for the aircraft
that day (e.g., 1 5 first flight). The number of dropsondes listed is what is used to create cluster flux fields for each cluster for each storm.

C1

C2

Ivan (2004)

Emily (2005)

Cluster

Cluster

C3

C4

C5

C1

C2

Cluster date
7 Sep 2004

9 Sep 2004

10 Sep 2004

12 Sep 2004

13 Sep 2004

14 Jul 2005

15 Jul 2005

31

18

18

20

0912I1
0912N1
0912N2

0913I1
0913N1

0714A1

0715A1

Dropsondes
13

23

7

0909I1

0910N1
0910N2

C3

C1
17 Aug 2007

0817A1

17 Jul 2005

17

20

0716A1
0716N1

0717A1
0717N1

Flights

Dean (2007)

Felix (2007)

Cluster

Cluster

C2

C3

C1

C2

C3

Cluster Date
19 Aug 2007

17 Aug 2007

1 Sep 2007

Cluster Date
2 Sep 2007

3 Sep 2007

18

32

21

Flights
0819A1

0820A1

0901H1

Dropsondes
17

16 Jul 2005

Dropsondes

Flights
0907I1
0907N1

C4

Cluster date

Dropsondes

The axes represent the along- and across-track storm
fields. The storm-coordinate axis is divided into radials
that represent the radius of maximum winds (Rmax) of
each storm, where the first radial is 1 Rmax distance and
increases outward. This allows comparison between
storms of different sizes since horizontal distances are
normalized by Rmax. Dropsonde points are then separated into data ‘‘clusters,’’ where a cluster represents all
the dropsonde data from 1 day during the storm track
that are contained within 5 Rmax (Table 1).

Air–sea fluxes
Air–sea fluxes are estimated using dropsonde data
from each cluster. GHRSST SST is extracted for the date
and location of each dropsonde within the cluster. Since
SST is a daily product, it is chosen for the day of the storm
(SSTin). As stated previously, a sensitivity test of flux
calculations using different days of SST for the dropsonde
locations is conducted to ensure that the flux calculation is
within the observed variability in SST (appendix A). The
Caribbean Sea’s long inertial period (;48 h) prevents
much of the near-inertial shear-induced cooling signal
in the daily SST product. Thus, any evolution of SST
between SSTpre and SSTin is assumed to be a result

22

12

Flights
0902A1
0902H1
0902I1

0903A1
0903I1

of the wind-driven Kraus and Turner (1967) cooling
mechanism (i.e., instantaneous wind erosion).
Momentum t, latent heat Ql, sensible heat Qs, and
enthalpy fluxes Qh are estimated for each dropsonde
within a cluster using bulk aerodynamic formulas:
t 5 ra Cd jU10 j2 ,

(2)

Ql 5 ra Ly Cq jU10 j(qSST 2 qA10 ) ,

(3)

Qs 5 ra Cp Ch jU10 j(SST 2 TA10 ) ,

(4)

Qh 5 Ql 1 Qs ,

(5)

where qSST is the saturation specific humidity at SST
(assumed to be at 98% saturation at the SST; Buck
1981), qA10 is the saturation specific humidity of the air
at 10 m, ra is atmospheric density, Ly 5 2.5 3 106 J kg21
is the latent heat of vaporization, cp 5 1004 J kg K21 is
the specific heat of air at constant pressure, and jU10 j is
wind speed at 10 m (referred to as U10 hereafter). Both
Ch and Cq are assumed to be equal such that Ch 5 Cq 5
Ck, where coefficients Ck and Cd are based on field experiments from Powell et al. (2003), Black et al. (2007),
and Zhang et al. (2008).
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TABLE 2. Various air–sea parameters for the PLUME and WCE regimes for each storm. Locations of estimates for each regime depicted
in Fig. 1.
Variable
Maximum Qh (W m22)
Average Vmax (m s22)
SSTin (8C)
Maximum OHC (kJ cm22)
Climatological NILD (cph)

Regime

Ivan

Emily

Dean

Felix

PLUME
WCE
PLUME
WCE
PLUME
WCE
PLUME
WCE
PLUME
WCE

1090
1650
61.7
82.3
28.0–29.0
28.5–30.0
50
100
18
2

660
370
51.4
69.5
28.5
28.5
60
130
12
3

790
815
46.3
69.5
28.0–28.3
28.0–29.0
50
100
8
2

1500
425
33.4
77.2
28.5
29.0
50
100
16
3

4. Results and discussion
a. Enthalpy flux with respect to across-track prestorm
OHC and DSST
Storm flights, dropsonde, and cluster information for
all four storms are listed in Table 1. Clusters are denoted
with ‘‘C’’ followed by cluster number (e.g., C1 for cluster
1). Six-hourly storm fixes from NHC best track data
(Landsea et al. 2004) are interpolated to obtain 2-h
storm-track locations. Using these locations, acrosstrack OHC and SST fields are created by extracting
SMARTS and GHRSST data from 65 Rmax that are
perpendicular to the storm track at 2-h intervals. Estimated errors in Qh induced by errors in U10 (62 m s21
from dropsonde measurements) range from 63 to
75 W m22 depending on storm and cluster.
Enthalpy fluxes are compared to SMARTS prestorm
OHC (OHCpre), GHRSST in-storm SST (SSTin), and
prestorm SST (SSTpre), given that prestorm OHC environment is assumed to dictate the SST response and,
thus, affect enthalpy flux. Value ranges of these variables in addition to maximum wind speed from best
track (Vmax) and climatological mixed layer N for the
different storms and ocean regimes are listed in Table 2.
In general, areas of high OHCpre (Figs. 4b–7b) correspond to reduced SST cooling for all four storms
(Figs. 4c–7c). This is shown by the small departure between SSTpre and SSTin. However, it is interesting to
note that when all four storms are over the Amazon–
Orinoco River plume region (herein referred to as
PLUME), the change in across-track SST from SSTpre
(length of blue lines in Figs. 4c–7c) is comparable to that
in the higher-OHC warm eddy regions (denoted WCE).
Consequently, enthalpy fluxes in the PLUME regime
are at least 60% of that within the WCE regimes
for three of the four storms (Figs. 4a–6a), even though
Vmax differs between these two regimes (Figs. 4d–7d).
Enthalpy fluxes in the PLUME regime for Felix only
account for one-third of those in the WCE regime

(Fig. 7a). Atmospheric influence on Felix is further investigated in section 4c.
For Ivan, across-track differences between mean SSTin
and mean SSTpre in the PLUME range from 20.58
to 10.18C with OHC ;50 kJ cm22, whereas these differences range from 20.78 to 0.08C in the WCE areas
with OHC ;100 kJ cm22 (Figs. 4b,c). SSTs are approximately 288C in the PLUME regime, whereas they are
308C in the WCE regime (Fig. 4c). Mean enthalpy flux
within 5 Rmax in the PLUME is roughly 60% of that
within the WCE areas, with Qh ranging from 230 to
1090 W m22 in the PLUME regime and from 350 to
1650 W m22 in the WCE regime (Fig. 4a). For Emily,
across-track differences between SSTin and SSTpre in
the PLUME range from 20.38 to 10.18C with OHC
values of 30–60 kJ cm22, whereas these differences
range from 20.48 to 10.38C in the WCE areas with OHC
values of 90–130 kJ cm22 (Figs. 5b,c). In-storm SST
values are approximately the same between the
PLUME and WCE regimes as Emily passed through.
Consequently, this leads to Qh values of 60–660 kJ cm22
in the PLUME regime and 140–370 kJ cm22 in the WCE
regime (Fig. 5a). This equates to mean enthalpy flux
within 5 Rmax in the PLUME being roughly 88% of that
within the WCE. For Dean, across-track differences
between mean SSTin and mean SSTpre in the PLUME
regime range from 20.28 to 0.08C with OHC ;50 kJ cm22,
whereas these differences are approximately 20.28C in
the WCE areas with OHC values of 90–100 kJ cm22
(Figs. 6b,c). Like the other storms, SSTin is approximately 288C in the PLUME, with values up to 18C higher
in the WCE regime. Thus, enthalpy fluxes were very
similar in both PLUME and WCE regimes, with values
of 15–790 and 15–815 kJ cm22 in each regime, respectively (Fig. 6a), with the mean value within 5 Rmax in the
PLUME being within 98% of that in the WCE regime.
In Felix, across-track differences between mean
SSTin and mean SSTpre are equivalent for both
PLUME and WCE regimes (;20.28C), but OHC values
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FIG. 4. (a) Enthalpy fluxes estimated from dropsondes along the storm track are plotted with
respect to when dropsondes were deployed, also indicated by cluster number (C1–C5). Respective ocean regime (PLUME, WCE) is also indicated. Day of year along track and ocean
regime can be visualized in Fig. 1. Dropsondes deployed within 2 Rmax are indicated by circles,
whereas dropsondes outside of 2 Rmax are indicated by diamonds. Enthalpy fluxes are color
coded with respect to underlying OHCpre, where red markers indicate dropsondes were deployed in areas where OHCpre $ 60 kJ cm22, and blue markers indicate dropsondes were
deployed in areas were OHCpre , 60 kJ cm22. Black marker indicates OHCpre data were not
available for that location. (b) Mean across-track OHCpre (black line) 61 std dev (shading)
along Ivan’s track. (c) Mean across-track SSTin (red) along Ivan’s track. Blue bars indicate the
prestorm SST (SSTpre) such that the departure from prestorm to in-storm SST (SST cooling/
warming) can be visualized at 2-h intervals. (d) Maximum wind speed from NHC best track at
6-h intervals. (e) The 850–200-hPa deep layer wind shear magnitude from the SHIPS database
(DeMaria and Kaplan 1994) at 6-h intervals.

differ between regimes by 10–50 kJ cm22 (Figs. 7b,c).
The Qh values within 5 Rmax in the PLUME are only
30% of those within the WCE regime (Fig. 7a). Since
this cannot be explained by SST or OHC differences,
Felix’s intensity is further examined with respect to
atmospheric favorability (deep layer wind shear and
boundary layer equivalent potential temperature) in
section 4c.
These comparisons in Qh, OHCpre, and SST changes
between the PLUME and WCE regimes signify that
something other than upper-ocean thermal structure (as
measured by OHC) is causing reduced SST cooling in
the PLUME region. Is the salinity stratification within

the PLUME causing reduced SST cooling response,
sustaining enthalpy fluxes that are comparable to deeper
isothermal layer and higher-OHC regions? A breakdown of the full isothermal heat budget should not only
indicate this, but also point out if entrainment heat flux is
less over the PLUME, compared to other regions, signifying that the reduced wind speeds over the PLUME
(Figs. 4d–7d) are not the reason for the SST cooling
signature observed.

b. Isothermal layer heat budget
A simple isothermal layer heat budget is calculated
for clusters over the Amazon–Orinoco plume region
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FIG. 5. As in Fig. 4, but for Hurricane Emily (2005).

(C1) of Ivan, Emily, Dean, and Felix to examine if
upper-ocean salinity stratification is helping to reduce
SST cooling in the Amazon–Orinoco River plume regime. The heat budget is calculated within the isothermal layer, given that the true density ocean mixed
layer is very shallow because of the Amazon–Orinoco
River outflow (Lentz and Limeburner 1995; Hu et al.
2004; Rudzin et al. 2017).
The conservation of heat in the isothermal layer (total
temperature tendency) is given by Eq. (6), where T is the
bulk isothermal layer and sea surface temperature, u and
y are isothermal layer currents, Qh is total enthalpy flux,
h is ILD, Y is a step function where Y 5 0 if entrainment
velocity we . 0, and DT is the difference between the
thermocline (TTc) and isothermal layer temperatures.
ILD is obtained from the SMARTS product subset to
the time and location of each storm cluster:
Qh
w DT
dT
›T
›T
.
5 2u
2y
2
2Y e
h
dt
dx
dy r0 cp h

(6)

Isothermal layer temperatures are obtained by assuming SST and isothermal layer temperatures are equal.

Thermocline temperature TTc is obtained using climatological data from World Ocean Atlas 2001 (Conkright
et al. 2002), given that no in situ ocean data were obtained during these four storms near the clusters.
Horizontal temperature advection (HA) is described
in the first and second terms on the right-hand side of
Eq. (6), whereas surface and entrainment heat flux (SF
and EF, respectively) are the third and fourth terms,
respectively. The Kraus and Turner (1967) entrainment
velocity scheme is used to infer we [Eq. (7)] for the EF
term in Eq. (6) since the upper-ocean response within
the inertial period (;48 h for the area of study) may be
described by primarily instantaneous wind erosion.
Entrainment velocity was evaluated using the following
equation:
we 5

(t/r0 )3/2
Qh
1
.
g0 h
r0 cp DT

(7)

Equation (7) accounts for density differences due to
both temperature and salinity. Variables in Eq. (7) are
defined above from Eq. (6), except for t, momentum
flux, which is calculated from dropsondes. Reduced
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FIG. 6. As in Fig. 4, but for Hurricane Dean (2007).

gravity is defined as g0 5 (rTc 2 rIL)/r0, where rIL,
isothermal layer density, is estimated with World
Ocean Atlas 2001 climatological salinity (Conkright
et al. 2002) for the cluster location, and a uniform
isothermal layer temperature profile is assumed from
satellite SST. Total temperature tendency [Eq. (6)] is
directly evaluated using 1-day satellite SST differences
(DSSTsat; Fig. 8).
Since no subsurface current measurements exist
during these storms to retrieve isothermal layer currents for the HA term, the isothermal layer current is
parameterized using a hurricane-forced ocean mixed
layer scaling velocity from Price (1983). However, this
term is revised from Price (1983), such that both the
geostrophic and ageostrophic flow that occur within
the hurricane-influenced ocean environment are accounted for. The u and y components of this parametric velocity are
2
3


zg
Rmax 6
f1
7
tx
2
6
7
(8.1)
uIL 5
 2y g 7 ,
6
zg
4
5
Uh
r0 h
f1
2


f1
y IL 5

zg



2

3

Rmax 6
7
ty
2
6
7
1 ug 7 ,

6
zg
4
5
Uh
r h
f1
2 0

(8.2)

where Uh is storm translation speed, ug and yg are
satellite-derived geostrophic u- and y-velocity component fields, zg is the background geostrophic vorticity
field estimated from ug and y g, and tx and t y are the x
and y components of wind stress estimated from
H*wind fields (Powell et al. 1998). The derivation of
these velocity components is found in appendix B.
These velocity components in addition to the HA term
are estimated at each grid point within the cluster
domain.
This parametric velocity was tested for the case of
Hurricane Lili (2002) in the Gulf of Mexico inside the
Loop Current and in the background Gulf Common
Water to assess its ability to capture the main upperocean current processes (appendix B). The comparison
illustrates that the parametric velocity does fairly well at
estimating both the direction of the isothermal layer
current and the magnitude. Current magnitude is within
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FIG. 7. As in Fig. 4, but for Hurricane Felix (2007).

0.01 cm s21 (Vaxcp 5 0.07 cm s21, Vparam 5 0.08 cm s21)
in regions of low geostrophic current and/or background
vorticity (;1025 s21; Gulf Common Water) and is underpredicted (Vaxcp 5 0.5 cm s21, Vparam 5 0.1 cm s21) in
areas that have higher geostrophic currents and/or background vorticity (;1024 s21; Loop Current; appendix B).
Nonetheless, the parametric velocity captures the
main first-order current processes occurring in highervorticity environments under TC wind forcing, such that
both parametric velocity magnitude and observed current are the same order.
Total temperature tendency [Eq. (6)] is estimated at
each grid point (0.125 Rmax) for a cluster domain (out
to 5 Rmax) for only the storm-forced time period (dt)
and then spatially averaged (cluster averaged) over the
cluster domain to obtain the results in Fig. 8. The time
period dt (in units of nh21) is calculated using Uh and
Rmax and is equivalent to the time for a storm to pass
over the cluster domain. This time varies for each cluster
and is broken down in appendix C.
Cluster-averaged dT/dt over the PLUME for each
storm is within 0.48C relative to DSSTsat/Dt (GHRSST
SST analysis error; JPL MUR MEaSUREs Project 2010;

Fig. 8) with all estimates within 1/108 except during
Hurricane Dean (Fig. 8c). Mean isothermal layer
warming is prevalent in this cluster based on satellite
estimates, which suggests second-order processes such
as warm water advection, upwelling of inversions in
barrier layer environments (Mignot et al. 2012), or
poststorm surface warming (insolation) may have occurred during this time.
Our results suggest that SF is the largest contributor
within the isothermal layer heat budget in the PLUME,
whereas EF is secondary, and HA has minimal impact
(approximately 69%, 30%, and 1%, respectively; Fig. 8).
The small values of HA do not necessarily imply that
horizontal velocities are small, but rather that most
water that is horizontally advected in is advected out
(nearly horizontally nondivergent). EF has been found
in previous studies to be the dominant cooling process
within the isothermal layer during the TC passage
(Jacob et al. 2000; Shay and Uhlhorn 2008). However,
Jacob et al.’s (2000) study was conducted in the Gulf
of Mexico (GoM) where upper-ocean stratification is
much weaker than in the Caribbean Sea; reduced gravity (g0 ; 1–2.5 3 1022 m s22; Shay and Uhlhorn 2008) in
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FIG. 8. Schematic of isothermal heat budget illustrating its horizontal and vertical components. Units for each
term are 8C nh21, where nh21 (dt time units) for heat budget terms are listed in appendix C. (a) Acronyms that
correspond to each term in the heat budget: HA (8C nh21), SF (8C nh21), and EF (8C nh21). Cluster-averaged values
61 std dev for each term, in addition to total temperature tendency (dT/dt; 8C nh21) as defined in Eq. (6), are listed
next to the respective process that they represent. Blue-shaded processes are cooling processes, whereas red arrows
represent warming processes. Note that dt for DSSTsat is 24 h since satellite data are a daily product.

the GoM is less than half of values for these clusters
(4.7–5.3 3 1022 m s22). Therefore, entrainment velocities (and EF) are less in the Caribbean Sea, compared to
the GoM for a similar storm, because of the Caribbean
Sea’s upper-ocean density structure. These results substantiate those from section 4a, such that reduced
SST cooling in the PLUME is a result of the upperocean salinity stratification induced by river outflow,
aiding in the excitement of air–sea fluxes in this region.
Furthermore, EF in the PLUME is the same order as
that in the WCE regimes (Ivan: 20.158 6 0.018C nh21,
Emily: 20.018 6 1.1 3 10238C nh21, Dean: 20.038 6 3.1 3
10238C nh21, Felix: 20.068 6 0.018C nh21), suggesting
that reduced EF in the PLUME from weaker wind
forcing is not necessarily the reason for less SST cooling. These observational findings build upon idealized
model findings by Rudzin et al. (2018) that also indicate

that the rate of SST cooling is reduced in river plume
waters when there is increased density stratification.

c. Air–sea interaction and TC intensity change
As stated previously, Emily, Dean, and Felix underwent RI while encountering the Amazon–Orinoco
River plume, whereas Ivan steadily intensified (Figs. 1–
2, 4d–7d over the first day of year). While there are
certain limitations in this study that prevent an in-depth
investigation of the mechanisms or inhibition of RI for
these cases (e.g., lack of high-resolution data), atmospheric parameters can be assessed to examine if these
intensification scenarios may have been encouraged by
favorable atmospheric conditions, regardless of ocean
conditions. Deep-layer wind shear (850–200 hPa) and
equivalent potential temperature (uE ; Bolton 1980) in
the lower 100 hPa are assessed for these storms’ case to
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TABLE 3. Mean and 1 std dev of PLUME and WCE dropsonde estimations (for dropsondes within 2 Rmax) of mean uE in the lowest
100 hPa of the atmosphere. Parameter uE is estimated based on Bolton (1980). All PLUME dropsondes are within C1, whereas WCE
dropsondes are within the cluster indicated next to values. Cluster time/location is indicated in table and can be visualized in Figs. 4a–7a.
Storm

Ivan

Emily

Dean

Felix

PLUME uE (K)
WCE uE (K)

357.1 6 5.1
365.7 6 11.3 (C4)

354.8 6 6.3
358.8 6 8.8 (C3)

362.0 6 4.6
373.6 6 7.3 (C2)

355.0 6 1.8
359.0 6 4.6 (C2)

identify atmospheric favorability and to assess whether
the ocean’s role is negligible in these storm’s RI and/or if
the PLUME regimes’ SST response and enthalpy fluxes
may have encouraged RI. Values of deep-shear magnitude and direction are extracted from the Statistical Hurricane Intensity Prediction Scheme (SHIPS;
DeMaria and Kaplan 1994) predictor files to assess
upper- and midatmospheric favorability while these
storms are over the PLUME regime.
Vertical wind shear is a well-known atmospheric parameter for RI (DeMaria 1996; Wong and Chan 2004;
Paterson et al. 2005; Riemer et al. 2010; Onderlinde and
Nolan 2017) such that it can inhibit TC deepening by
destroying the upper-level warm core (Frank and Ritchie
2001) and ventilating midlevel dry air into the TC inner
core (Simpson and Riehl 1958; Tang and Emanuel
2010). Shear also influences intensity via downdrafts of
low uE into the boundary layer, inhibiting convection
(Barnes et al. 1983; Riemer et al. 2010, 2013; Tang and
Emanuel 2010, 2012; Riemer and Laliberté 2015). A few
studies have indicated that surface enthalpy fluxes aid
in the recovery of low-boundary layer uE from these
downdrafts, and without sufficient surface enthalpy
flux, a TC may weaken from insufficient convection
(Cione et al. 2000; Molinari et al. 2013; Rogers et al.
2016; Zhang et al. 2013, 2017; Wadler et al. 2018).
Hence, these two parameters, along with the previous
analyses of SST response and enthalpy flux, may provide
insight as to whether the atmosphere, ocean, or both
were favorable in these RI scenarios.
Moderate deep vertical wind shear, defined as 4.5–
11 m s21 (Rios-Berrios and Torn 2017), occurred over
the PLUME regime for Ivan, Emily, and Dean with
24-h mean values of 8.5, 5.5, and 6.8 m s21, respectively
(Figs. 4e–7e). Moderate shear also occurred over the
WCE regime for Ivan and Emily with 24-h mean wind
shear values of 8.2 and 8.0 m s21 (Figs. 4e, 5e), respectively, whereas low shear occurred over the WCE regime during Dean (3.3 m s21; Fig. 6e). Conversely, 24-h
mean wind shear over the PLUME and WCE regimes
for Felix was roughly 3.5 and 3.9 m s21 (Fig. 7e), respectively, favorable for intensification and RI (Kaplan
and DeMaria 2003). Low shear values over the PLUME
may better help explain Felix’s RI in this region, as
suggested by Hazelton and Hart (2013), whereas a

combination of both low shear and high OHC over the
central and western Caribbean Sea encouraged Felix’s
RI over this region (Hazelton and Hart 2013).
Statistically, wind shear has a negative effect on intensity change (DeMaria and Kaplan 1994; DeMaria
1996; Kaplan and DeMaria 2003; Kaplan et al. 2010)
Yet, an increasing number of studies have found TC
intensification occurs even under moderate shear values
upward of 11 m s21 (Molinari et al. 2004, 2006; Shelton
and Molinari 2009; Molinari and Vollaro 2010; Nguyen
and Molinari 2012; Tao and Zhang 2014). Nguyen and
Molinari (2012) speculate that Hurricane Irene (2011)
could overcome low uE downdrafts brought about by
shear-induced vortex tilt because of large surface enthalpy fluxes from the warm Gulf Stream inducing intense diabatic heating and convection. Tao and Zhang
(2014) found in simulations that higher SSTs lead to
faster intensification rates and smaller tilt magnitude
from stronger convection under moderate shear conditions. Since this mechanism has been documented in
several studies, is it possible that surface enthalpy fluxes
over the PLUME, aided by reduced SST cooling, were
high enough to increase uE in the boundary layer and
overcome the negative affects produced by moderate
shear? Mean uE in the lower 100 hPa (called uEM ) from
dropsondes over the PLUME regime is estimated to
assess if this theory is possibly true. Measurements are
azimuthally averaged rather than separated into vertical
shear-referenced coordinates, given that the sparsity
of data in each shear quadrant results in less robust
findings. Values of uEM within 2 Rmax in the PLUME
regime are within the lower range of uEM values that
are within the WCE regime (Table 3), indicating the
PLUME has similar warm, moist boundary layer conditions that we expect over a deep thermal ocean regime. Values within the PLUME are also comparable to
those estimated when Hurricane Earl (2010) underwent
intensification (uE ;360 K; Jaimes et al. 2015), those
inside 2 Rmax when Hurricane Edouard (2014) underwent intensification (uE ;355–365 K; Zhang et al.
2017), and those within the inner core of a moderately
sheared (7.5 m s21) intensifying vortex simulated by
Tao and Zhang (2014; uE ;345–355 K for a warm, moist
boundary layer and uE ;340–350 K for warm, dry
boundary layer).
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FIG. 9. A conceptual model of air–sea interaction for the two ocean regimes presented. Red and blue lines are
oceanic temperature and salinity profiles, respectively. Gray arrows represent ocean mixing. Black arrow represents wind forcing.

These results, along with previous analyses, indicate
increased plausibility that reduced SST cooling and
sustained enthalpy transfer over the PLUME regime
helped to increase uE to a point that is similar to the
WCE regime and that has been shown in literature to
induce TC intensification. Using these parameters,
we speculate that reduced SST cooling and sustained
enthalpy flux in the PLUME may have resulted in increased boundary layer moisture, which may have provided enough atmospheric instability to overcome the
moderate wind shear environment over the PLUME
region, as in other previous studies (Cione et al. 2000;
Molinari et al. 2013; Rogers et al. 2016; Zhang et al.
2013, 2017). Hence, the oceanic conditions over the
PLUME regime may have played a role in the intensification of Ivan and the RI of Emily and Dean, even

under moderate wind shear conditions. Other possibilities
for intensification and RI not considered include precipitation asymmetry (Zawislak et al. 2016; Rogers et al.
2016); environmental moisture (Ge et al. 2013; Tao and
Zhang 2014); and the fact that boundary layer dynamics,
such as dry, cool downdrafts (e.g., Cione et al. 2000,
2013), also help to increase air–sea fluxes.

5. Conclusions and limitations
The data and analyses presented within this study
indicate that the Amazon–Orinoco River plume provides a positive air–sea feedback on passing TCs. This is
in part due to the reduced SST cooling in the area from
strong density stratification. Strong density stratification over this region imparted by the Amazon–Orinoco
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FIG. A1. Radial-averaged enthalpy flux calculated using SSTin (solid), 1-day-prestorm SST (dashed), 1-day-poststorm SST (dashed–
dotted), and 2-day-poststorm SST (dotted) for each cluster of Hurricane Ivan. All variables in this enthalpy flux calculation are consistent
with in-storm conditions except for SST.

River plume is an aspect of ocean response that has not
been previously thoroughly considered in the air–sea interaction process during TC passage in the Caribbean Sea.
Dropsonde data from four different storms that
passed over both PLUME and WCE regimes revealed
that enthalpy fluxes over the PLUME regime could be
as energetic as those over the deep, warm waters within
the WCE regime. Although OHC in the PLUME regime is much less than that within the WCE regime, SST
cooling underneath each storm is comparable between
the two regimes. Isothermal layer heat budgets within
the PLUME regime show that entrainment heat flux,
usually the dominant upper-ocean cooling process, was
limited because of the increased salinity stratification in
the PLUME regime. This finding agrees with those
presented by Rudzin et al. (2018). Thus, increased salinity stratification in the PLUME regime essentially
reduced the amount of SST cooling during storm passage, such that it was comparable to the WCE regime,
and helped to sustain enthalpy fluxes into these storms.
Consequently, sustained SSTs and enthalpy flux may
have helped support warm, moist atmospheric boundary
layer conditions (via uE ) and may have provided enough

atmospheric instability to overcome moderate vertical
wind shear and aid in these storms’ intensification and
RI in this region. A conceptual model of these findings is
shown in Fig. 9. These findings are important since numerous studies have shown that areas of low OHC and
shallow isothermal/mixed layers enhance SST cooling and
provide a negative feedback on storm intensity. However,
the increased salinity stratification in the Amazon–
Orinoco River plume improves ocean favorability
and TC–ocean feedback.
From a TC forecasting perspective, Halliwell et al.
(2011) stated that to correctly forecast intensity evolution
within a TC, the ocean component of a coupled forecast
model must accurately predict the pattern and rate of SST
cooling. Furthermore, they found that the ocean model
component is most sensitive to ocean initialization with
regards to upper-ocean temperature and salinity profiles.
However, the Caribbean Sea is one of the least-sampled
ocean basins with respect to other ocean basins (Argo
2018). Thus, it is important to sample the Caribbean Sea’s
upper ocean, especially given the findings within this study,
so that initial ocean state that goes into coupled forecast
models is accurate to improve TC intensity forecasts.
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FIG. A2. As in Fig. A1, but for Hurricane Emily.

Since high-resolution (in time and space) in situ atmospheric and oceanic data were not available to conduct these analyses, many assumptions were made that
create limitations on these conclusions. The limited
spatial resolution of the dropsonde data along with the
use of a daily satellite SST restricts the exactness of air–
sea flux estimates (assessment of error in appendix A).
However, since the goal of the work was to understand how mesoscale oceanic thermal/haline structures influence SST and enthalpy flux response, we feel
these methods are suitable for the goal of this work.
Additionally, the lack of in situ ocean observations led
to assumptions to estimate the isothermal layer heat
budget. Nonetheless, satellite SST comparisons with
the heat budget indicated the assumptions were reasonable. Last, atmospheric favorability was assumed
from just two broadscale parameters, deep vertical
wind shear and inner-core boundary layer uE , whereas
numerous studies have investigated many complex
processes that determine atmospheric favorability
with respect to TC intensification in literature. However, since the goal of the work focused on air–sea
interaction, primarily the ocean’s role, and not on the
mechanism/inhibition of RI, we feel these parameters are appropriate to gauge broadscale atmospheric
favorability.
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APPENDIX A
SST-Induced Error Estimates for Enthalpy Fluxes
In-storm enthalpy flux presented within this manuscript for each cluster within each storm is compared
to enthalpy fluxes estimated using prestorm and poststorm SST to identify if in-storm fluxes estimated from
satellite SST are within the envelope of variability in the
SST fields.
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FIG. A3. As in Fig. A1, but for Hurricane Dean.

To further assess the limitations of using a satellite
SST product, we looked at SST differences between the
AXBT (data from Upper Ocean Dynamics Laboratory
at RSMAS/UM) and the GHRSST SST daily satellite
product for 415 AXBT deployments within Hurricanes
Frances (2004), Jeanne (2004), Rita (2005), Dennis (2005),
Gustav (2008), Ike (2008), and Danny (2009). GHRSST
SST was collocated in space and time (same day as AXBT
deployment) to estimate the difference shown here.
These storms were chosen because of data availability,
as there were no AXBT deployments for storms within
the Caribbean Sea. Overall, approximately 42% of the
415 measurements are within 60.258C difference, and
70% are within 60.58C difference (Figures A1–A4).

To incorporate the background flow in a hurricane environment, substitute (1) into Navier–Stokes equations,
which results in
Uh
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APPENDIX B
Derivation, Computation, and Comparison of
Parametric Isothermal Layer Velocity
a. Derivation of UIL and VIL

Assuming geostrophic, P 5 f r0 Lug and P 5 f r0 Lyg ,
substituting these into (B3.1) and (B3.2), respectively,
leads to
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FIG. A4. As in Fig. A1, but for Hurricane Felix.

Substituting f 5 f 1 (zg /2) and L 5 Rmax leads to the
parametric velocity component equations shown in the
main text.

b. Parametric velocity estimation
Estimated parametric velocities [Eqs. (8.1) and (8.2)]
were compared to in situ isothermal layer velocities
observed from an AXCP during Hurricane Lili (2002)
in the Gulf of Mexico (Shay and Uhlhorn 2008). AXCP
data were acquired from Uhlhorn and Shay (2012).
Isothermal layer depth h, geostrophic current components ug and y g, and geostrophic relative vorticity zg are
obtained from the SMARTS product (Meyers et al.
2014). Wind stress components t x and t y are estimated
using H*wind (Powell et al. 1998) wind field components
and Powell et al. (2003) drag coefficients. Coriolis parameter, Rmax, and storm translation speed Uh are
obtained from NHC best track data (Landsea et al.
2004). The components are estimated for a 0.18 3 0.18
box over the AXCP location and averaged over this box.
Two AXCP locations are compared for this analysis: one
deployed in the Gulf Common Water and one deployed
in the Loop Current. AXCP velocities are averaged
within the isothermal layer to obtain a velocity estimate
to compare to the parametric velocities.
Using this method, it is found that current magnitude is within 0.01 cm s21 (Vaxcp 5 0.07 cm s21, Vparam 5
0.08 cm s21) in regions of low geostrophic current and/or

background vorticity (;1025 s21; Gulf Common Water)
and is underpredicted (Vaxcp 5 0.5 cm s21, Vparam 5
0.1 cm s21) in areas that have higher geostrophic currents and/or background vorticity (;1024 s21; Loop
Current; Fig. B1).

FIG. B1. Schematic comparison among AXCP, satellite-derived
geostrophic velocity, and parametric isothermal layer velocity for
the Loop Current (LC) and Gulf Common Water (GCW) during
Hurricane Lili (2002). Note that the arrows are a schematic of the
current magnitude, not actual current magnitude, because the magnitude and direction at scale are undistinguishable on this domain.
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TABLE C1. The time derivative dt in hours for each cluster that
was used to estimate the total temperature derivative dT/dt in
isothermal layer heat budget. Units of nh21 relate to the time for
the storm to pass the area of the data cluster region. For example,
the heat budget for Ivan C1 was estimated over a time range of
12.7 h, the time for the storm to pass over the entire data cluster
area. These numbers are based on Uh and Rmax for the specific
storm and cluster.
Storm and cluster

dt (nh21)

Ivan C1
Emily C1
Dean C1
Felix C1

12.7
11.2
5.5
15.4

APPENDIX C
Cluster Time Derivatives for Isothermal
Layer Heat Budget
Appendix C contains Table C1.
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